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Abstract 
 
Like most seeds, Arabidopsis thaliana seed development is divided into three major 
phases: morphogenesis, storage deposition, and maturation drying.  During maturation 
drying the seed becomes desiccation tolerant (DT) at some point and the seed rapidly 
loses water until its moisture level is approximately 10% on a fresh weight basis.  The 
ability of the seeds to withstand this extreme water loss is hypothesized to be due, in part, 
to the accumulation of late embryogenesis abundant (LEA) proteins.  In A. thaliana, there 
are 51 LEA proteins which are divided into seven groups based on amino acid sequence 
similarities.  Group 1 LEA proteins consist of three members (6, 18, and 46), which 
exclusively accumulate during maturation drying.  This paper focuses on LEA6 and 
investigates its involvement in DT in A. thaliana seeds. The rate and extent of 
germination of mutant (lacking the LEA6 gene product) and wild type (WT) seeds before 
and after artificial desiccation at varying developmental time-points were scored for 14 
days and the germination results were analyzed using Kaplan-Meier Estimator. Fresh WT 
seeds had a higher final germination and a faster germination rate relative to mutant 
seeds, whether or not the seeds were desiccated.  These results do not support an 
involvement of LEA6 in DT but rather suggest a role in germination.  
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Chapter 1: Introduction 
 
1.1. Introduction 
More than 1700 seed banks are distributed throughout the world.  Seed banks act 
as an insurance policy against species extinction via ex situ conservation of agricultural 
and wild-plant species (Hay and Probert 2013).  Many seed banks store a range of 
germplasm that hold socioeconomic importance.  One example is the U.S. Department of 
Agriculture’s Genetic Resource Preservation Research unit located in Fort Collins, CO.  
The goal of the unit is to provide high-quality agricultural resources and provide 
agricultural security by focusing on research, restoration, and reintroduction of 
germplasm (www.ars.usda.gov).  
Unfortunately, seed banks are not suitable for all seed types because the most 
efficient and effective long-term storage method requires seeds be stored at low sub-
freezing temperature (usually ≤-20°C) to minimize deleterious reactions (“aging”).  
Because ice crystals wreak such havoc on intracellular water, moisture content (MC) 
must also be extremely low to facilitate this low temperature storage (≤10% on a fresh 
weight basis).  The ability to tolerate such extreme cold and desiccation is extraordinary 
in the living world and restricted to those plants which develop such “orthodox” seeds, as 
well as a very few other plants and animals that can tolerate extreme environments.  Most 
living tissues, including vegetative plant tissue and even some seeds (“recalcitrant”) 
cannot tolerate extreme desiccation and therefore cannot tolerate freezing temperatures 
unless specially treated with chemicals to prevent damaging ice formation 
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(“cryogenics”).  Many economically important plants (such as coconut, rubber tree seeds, 
and citrus) are known to have recalcitrant seeds (Bewley et al., 2013) and expanding our 
understanding of the mechanisms by which orthodox seeds can tolerate desiccation could 
help improve the desiccation tolerance (DT) and hence conservation of these recalcitrant 
seeds and maybe even help vegetative plant tissue survive the extreme climatic 
conditions that might arise as a result of climate change. 
 
Seed Physiology in Response to Drying 
As orthodox seeds develop, hydration levels gradually decline and the seeds 
become tolerant to desiccation.  Researchers have established the minimum and 
maximum moisture levels for different processes (Bewley et al., 2013).  If seeds are 
stored at lower than 90% relative humidity (RH), metabolic activity (e.g. protein and 
nucleic acid synthesis, respiration and most enzymatic activity) essentially ceases (Fig. 
1.1).  On the other hand, chemical reactions continue which could cause seed 
deterioration (Fig. 1.1).  For example, Maillard reactions (which occur at high hydration 
levels) are non-enzymatic protein modifications in which reducing sugars (e.g. glucose 
and fructose) are added to proteins.  In the food industry the Maillard reactions cause 
food products to change to a brown color (Wettlaufer and Leopold 1991).  Maillard 
product accumulation in stored seed correlates with a decrease in viability and 
germinability (Bewley et al., 2013, Wettlaufer and Leopold 1991).  In this window, 
where there is enough water to permit chemical reactions, but not enough to permit 
metabolic repair processes, other chemical reactions in addition to the Maillard reaction, 
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occur.  These are documented to include the accumulation of reactive oxygen species 
(ROS in Fig. 1.1), free radicals, and deleterious interactions between macromolecules as 
their protective water shell is removed (e.g. protein denaturation and membrane fusion).  
As drying proceeds, and the seed changes from rubbery through leathery to finally a 
glassy state at 10-25% RH (which is the recommended water potential for orthodox seed 
storage), even chemical reactions cease (Fig. 1.1).  Part of the reason is the increasing 
viscosity causes intermolecular crowding to restrict molecular mobility and thus prevent 
damaging chemical reactions (Bewley et al., 2013).  At RH levels between 10 and 25%, 
hydrophilic molecules can retain a layer of “bound” water.  Below 10% RH, there is 
evidence that seeds experience chemical damage in this “ultra-dry” state (Walters 1998).   
 
Figure 1.1.  Illustration of hydration levels associated with metabolic and chemical 
activities in seeds. Figure modified from Bewley et al., 2013.  RH, relative humidity.  
yMPa, water potential.  State, descriptive words to describe viscosity.  As the seed 
develops, RH decreases, viscosity increases, and the seed becomes more tolerant to 
desiccation.  Seed at RH less than 10% are in a quiescent state and remain dormant.  
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Moisture (or water) content (MC) is the amount of water in a material. In this 
work, it is the amount of water in the developing embryonic tissue.  Typical orthodox 
seeds contain 0.05-0.10 g H2O g-1 dry weight (or 5-10%) at optimum storage RH.  
Organisms that are adapted to survive such low MC are considered anhydrobiotes.  These 
organisms have evolved mechanisms for protection against the deleterious chemical 
reactions caused by drying discussed in the previous paragraph.  These mechanisms 
include the accumulation of protective molecules, such as sugars and proteins (e.g. heat 
shock proteins).  Additionally, other genes whose transcripts accumulate to high levels 
during drying are hypothesized to function in enabling the seed to tolerate drying: the 
seed specific Late Embryogenesis Abundant (LEA) proteins which are the focus of the 
work in this thesis (Bewley et al., 2013).  
 
LEA Proteins  
Plants, as sessile organisms, respond to abiotic stresses such as drought, salinity, 
cold, desiccation, and freezing temperatures with mechanisms that minimize damage and 
ensure species survival.  Amongst the mechanisms thought to protect against drought- or 
desiccation-induced damage are LEA proteins.  First discovered in Gossypium hirsutum 
(cotton) cotyledons during late embryogenesis (Galau et al., 1981), and later shown to 
accumulate to high levels not only in developing seeds but also in response to abiotic 
stress in vegetative tissue of all plants (Battaglia et al., 2008, Hundertmark and Hincha 
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2008) they have also been documented in other organisms such as bacteria (Battaglia et 
al., 2008), and invertebrate animals (Bremer et al., 2017, Hand et al., 2011). 
LEA proteins are highly hydrophilic (i.e. attracted to water) (Battaglia et al., 
2008; Hundertmark and Hinch, 2008) because they possess an unusually high proportion 
of charged polar amino acid residues and lack hydrophobic and aromatic resides (Dyson 
2016). Like many similar proteins, they are intrinsically disordered proteins (IDPs), 
meaning they lack a stable three-dimensional structure in aqueous solution (Uversky et 
al., 2013).  Although protein biochemists have historically focused on proteins with a 
recognizable 3-D structure, IDPs are becoming increasingly of interest, for they are not 
only abundant but, because of their flexibility, they also show the ability to undergo 
conformational changes with changes in intracellular environment (e.g. water content, 
salt concentration, intramolecular crowding, or the presence of specific binding partners) 
(Uversky et al., 2013). 
 
Multifarious Role of LEA Proteins?  
When LEA proteins were initially described (Galau et al., 1981), they were 
proposed to perform regulatory functions.  Now, given their abundance, ubiquity and 
association with a quiescent, environmentally resistant state, the paradigm is that they 
must, in some way, function in the tolerance to the damage caused by the extreme 
environment.  Nevertheless, the specific molecular functions of LEA proteins remain 
elusive and many hypotheses have been proposed with minimal experimental evidence to 
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support them.  Some proposed mechanisms of LEA proteins include ion sequestering, 
hydration buffering, antioxidant effects, stabilization of enzymes, and membrane 
protection (Leprince et al., 2017, Tolleter et al., 2010).  LEA proteins may have multiple 
functions depending on their cellular compartment, which varies (Macherel et al., 2018, 
Hundertmark and Hincha 2008). 
 
1.2. The Development of Desiccation Tolerance During Orthodox Seed Development 
To understand the role of LEA proteins in my thesis, I chose to study them within 
the tissue within which they accumulate to the highest level – seeds.  This required an 
accurate understanding and identification of fruit and seed growth and development.  In 
this section I will provide a general overview of these processes as they occur in a typical 
species that produces orthodox seeds (and fortuitously, my study organism) – 
Arabidopsis thaliana.  
 
Figure 1.2.  Structure of the A. thaliana WT 
fruit.  (A) Scanning electron micrograph of a 
Landsberg erecta (Ler) fruit.  Stigma, yellow.  
Style, orange. The large central part of the 
fruit is the ovary, which consists of the 
valves (blue) and replum (red).  Valve 
margins, black.  Gynophore, green.  Close up 
SEM of the top (B) and bottom (C) of a Ler 
fruit.  Adapted from Roeder and Yanofsky 
2013.  
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Silique Structure and Development 
A. thaliana’s fruit is a silique.  Like all fruits, it is the mature ovary which 
contains and protects the developing ovules (which become seeds) and disperses them 
under favorable conditions.  In A. thaliana, as in other angiosperms, silique development 
generally begins during flower development from the gynoecium (Fig. 1.2C), which is 
the female reproductive organ of the plant.  The gynoecium is supported by the 
gynophore and is made up of a pair of congenitally fused carpels, each flanked by a valve 
protecting the developing seeds (Roeder and Yanofsky 2006).  At the apex of the 
gynoecium is the stigma 
(Fig. 1.3d.s) which is 
made of a layer of 
elongated papillary cells 
known as “stigmatic 
papillae” and only receive 
pollen grains that are 
compatible (Fig. 1.3d.p), 
in this case from species 
within the family 
Brassicaceae (Goring and 
Chapman 2010).  Once 
pollen grains are 
accepted, stigmatic 
 
Figure 1.3.  Scanning electron (d) and fluorescent (e) 
micrographs of A. thaliana (d) self-pollinated pistil with 
adhering pollen grains on the papillae and (e) aniline blue 
staining of self-pollinated stigma showing pollen tubes within 
the transmitting tract and reaching the ovules (dashed line and 
*). o. ovule, ov. ovary, pg. pollen grain, pt. pollen tube, s. 
stigma, st. style, tt. transmitting tract. Photo and caption belongs 
to Mollet et al., 2013, Figure 1.  
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papillae provide a surface for pollen germination (Goring and Chapman 2010, Roeder 
and Yanofsky 2006).  Once germinated, the male gametes travel through the style (Fig. 
1.3e.tt) below the stigma, and through the central transmitting tract, which guides the 
male gametes through the pollen tube (Fig. 1.3e.pt) and along the funiculus to individual 
ovules so that they can fertilize both the egg cell and endosperm (Roeder and Yanofsky 
2006).  These events are set in motion by anthesis. 
Subsequently seed ontogeny occurs, and the silique continuously elongates to 
accommodate the developing seeds (Roeder and Yanofsky 2006).  Once silique 
elongation ends, the silique begins to yellow from the apex to the base and begins to dry.  
When ready, the silique dehisces from the mother plant and the seeds are released from 
the silique and dispersed. 
 
Seed Structure and Development 
Like other spermatophytes, A. thaliana produces seeds that possess the next plant 
generation.  In this paper, it is important to understand the connections between 
morphological and physiological characteristics of seed development.  In this section 
seed structure and development are discussed.  Before seed development can begin three 
events must take place.  First, the egg cell (first female gamete) and sperm cell (one of 
the two male gametes) fuse to form the single celled zygote (the next generation of plant).  
Next, the primary endosperm nucleus forms (which will divide to form the endosperm, 
the source of nutrients for the developing embryo).  This is triggered by the fusion of the 
second sperm cell with the two female haploid nuclei of the central cell (the polar nuclei).  
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Both products are encapsulated in the seed coat (maternal tissue) formed by the 
integuments (outer cell layers that develop during ovule development).  The seed coat 
provides protection for the developing embryo against external damage such as UV 
radiation, environmental sensing (e.g. when favorable conditions are available for 
germination), and, in most seeds, is highly vascularized, thus facilitating communication 
with and nutrient import from the mother plant (Fig. 1.4A; Arroyo et al., 2015).   
 
In A. thaliana, as in most species with orthodox seeds, seed development is 
divided into three major phases: morphogenesis, reserve deposition, and maturation 
drying. Post fertilization, morphogenesis initiates where the zygote rapidly divides to 
form an embryo, physically attached to the maternal tissue by a typically linear file of 
cells at the basal end of the embryo known as the suspensor. At 4 days after flowering 
(DAF), the cells in the apical half of the embryo have divided to form a sphere - or 
globular stage (Baud et al., 2002). In this stage the suspensor acts as a feeding tube 
 
Figure 1.4.  A. thaliana seed (A), the seed coat encapsulates the endosperm and embryo.  In this 
illustration, the embryo consists of the hypocotyl (the stem connecting the radical to the cotyledons), 
cotyledons and radicle.  Image of A. thaliana seeds attached to a value half of a fruit (B).  Seeds are 
attached to the replum by funiculi (white arrows).  Magnification bar = 0.5 mm 
 
 
 
Photo credit belongs to Baud et al., 2002. DAF, days after flowering.  
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through which metabolites (e.g. sucrose and amino acids), hormones (e.g. auxin), and 
growth factors from the seed coat (maternal tissue) can be assimilated by the developing 
embryo (Kawashima and Goldberg 2010). Before maturation ends, suspensor 
programmed cell death is triggered by gibberellins and the suspensor degenerates (Shi et 
al., 2019, Kawashima and Goldberg 2010).  
 Midway through development (in A. thaliana, 5 to 6 DAF), cotyledon formation 
starts marking the early cotyledon, or heart stage (Bewley et al., 2013, Baud et al., 2008).  
A. thaliana is a dicot which forms two cotyledons (Fig. 1.4A).  Cotyledons are the site of 
storage for reserves such as carbohydrates, oils, and proteins which are important later for 
the process of germination and the establishment of a healthy seedling (Bewley et al., 
2013).  At this point in development, seed color is white to pale yellow with high water 
content (>80% on a dry weight basis; Fig 1.5; Baud et al., 2008).  At the end of 
morphogenesis, the cotyledons begin to bend.  This stage marks the beginning of the 
reserve deposition phase of maturation (between 7 and 15 DAF in A. thaliana; Fig. 1.5) 
where the cotyledons accumulate nutrients.  By 10 DAF the embryo occupies most of the 
seed and is fully developed (Baud et al., 2008).  However, the embryo continues to grow 
as cells (especially of the cotyledons) expand to accommodate the accumulating storage 
reserves.  At this point the embryo is actively synthesizing fatty acids and proteins which 
contribute to the rapid increase in fresh and dry seed mass.  On the other hand, moisture 
content declines as water is replaced by storage reserves (Fig. 1.5).  Also, the seed turns 
green as photosynthetic pigments accumulate (Baud et al., 2008). 
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At the onset of maturation drying, the third and final phase (16-20 DAF) final 
drying takes place and seed MC comes to equilibrium with the ambient atmosphere, 
usually to about 10% moisture (in some cases to 5%, as seen in Baud et al., 2002).  At 
this MC, the seed remains developmentally arrested and metabolically quiescent until 
germination (Leprince et al., 2017). Maturation drying entails the absolute loss of water 
from the seed as opposed to the decrease in MC during maturation, which is not due to 
water loss, but the accumulation of dry matter.  As drying continues, the silique 
eventually dehisces  
 
(shatters) from the mother plant and the seeds (each seed is attached to the replum via a 
funiculus, Fig. 1.4B) are released from the silique (abscission) and dispersed.  It is during 
 
Figure 1.5.  
Illustration of A. 
thaliana, ecotype 
WS, growth 
parameters of 
developing seeds 
( ), fresh weight; 
(■), dry weight; 
(●), water content. 
Figure credit: 
Baud et al., 2002.  
DAF, days after 
flowering.  
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late maturation that LEA proteins and soluble sugars accumulate, and desiccation 
tolerance (DT) is achieved. 
 
1.3. Late Embryogenesis Abundant Proteins  
Since my thesis examines the role of LEA proteins in DT, I will devote this 
section to describing this large group of 
proteins within my study organism, 
Arabidopsis thaliana.  The LEA genes 
and proteins in A. thaliana mirror the 
properties and organization in all other 
plants.  
In total, 51 LEA genes have been 
detected in A. thaliana.  These genes are 
divided, based on sequence similarities, 
into 9 groups (Fig. 1.6).  Expression of 
these genes varies with development and 
abiotic stress treatment (Hundertmark and 
Hincha 2008).  Out of these 51 LEA 
genes, 36 are localized in the cytosol, 10 in vacuoles, endoplasmic reticulum, 
chloroplasts, and 5 are localized in the mitochondria (Candat et al., 2014, Hundertmark 
and Hincha 2008).  Some LEA proteins are expressed during drought stress or expressed 
during phases of seed development or both.  My thesis concentrates on one protein of 
 
Figure 1.6.  Illustration of an unrooted 
dendrogram of all Arabidopsis LEA genes. 
Sequence alignments were performed using 
ClustalW algorithm followed by an unrooted 
dendrogram.  Different LEA groups are 
indicated by different color.  Photo credit: 
Hundertmark and Hincha 2008.  
 
 
 
 	
23 
which is a member of group 1 LEA proteins.  Though I will focus the remainder of this 
discussion on this group of proteins, the properties of their gene products are broadly 
similar to those of other LEA genes. 
 
Group 1 A. thaliana LEA Proteins 
Group 1 LEA proteins, one of the smallest groups of LEA proteins in A. thaliana 
(Fig. 1.6), is comprised of three genes - LEA6, 18, and 46 (Fig. 1.8) - the products of 
which are localized in the cytosol (Hundertmark and Hincha 2008) and accumulate only 
during late seed maturation (Fig. 1.8).  Interestingly, Hundertmark and Hincha (2008) 
suggest that homologous genes were conserved during a polyploidy event in A. thaliana 
and preserved by positive selection for increased gene dosage effects, which may be the 
 
Figure 1.7.  Sequence alignment for group 1 (annotated as group 4) LEA proteins from A. thaliana 
(A) Black boxes, conserved residues; blue, positive residue; red, negative reside; green, glycine; 
purple, histidine.  Photo credit: Pacheco et al., 2018.  (B) Kyte-Doolittle scales of hydropathicity for 
A. thaliana Group 1 LEA proteins.  Regions with negative values are hydrophilic and regions with 
positive values are hydrophobic. AtLEA4-1, LEA6; AtLEA4-2, LEA18; AtLEA5, LEA46.  
 
 
 
 
 
 
 	
24 
case for LEA6 and 18 in A. thaliana.  Group 1 LEA proteins, like all proteins of this 
group, are highly hydrophilic.  The sequences of this group display the unusual 
preponderance of glycines, and polar and charged amino acids (Fig. 1.7A) as well as the 
unusual hydrophilicity (Fig 1.7B) typical of all LEA proteins.  
A. thaliana Group 1 LEA gene transcripts begin accumulating soon after the onset 
of maturation and reach a maximum during late maturation and maturation drying (Fig. 
1.8) (Carrillo et al., 2010, Hundertmark and Hincha 2008).  After germination, Group 1 
LEA gene (annotated as LEA4 group) transcript levels fall significantly (Carrillo et al., 
2010).  This suggests that Group 1 LEA proteins are involved in late maturation and the 
dry seed stage before germination occurs.  In fact, Maia and collogues (2011) tested DT 
seeds imbibed from 0-24 hr and found LEA6 was slightly upregulated at time 0 and 1 hr, 
then completely disappear 2-24 hr. 
 
Figure 1.8.  Group 1 expression patterns during the stages of embryonic development and plant tissue.  
The information was collected from https://bar.utoronto.ca/eplant.  ePlant is a public tool to help visualize 
(in this case) publically available microarray data (Winter et al., 2007).  Embryonic stages globular 
though walking-stick represent the morphogenesis stage and curled through green cotyledons represents 
the storage deposition phase of seed development.  Maturation drying information is lacking.  
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1.4. Approach 
My goal was to understand the function of the Group 1 LEA genes.  One method 
to test the function of a specific gene is through reverse genetics, whereby a gene of 
unknown function is mutated to determine the phenotype (or appearance) of the 
organism.  This contrasts with the “forward genetic” approach, whereby the phenotype is 
first observed, and then the underlying gene is identified.  For several decades of Plant 
Biology research, the reverse genetics approach has yielded astonishing insights into gene 
function.  This approach was only successful because of the recognition of the value of a 
small plant which was widely adopted as a model organism – Arabidopsis thaliana.  In 
the following section, I will detail the information about A. thaliana that is relevant for 
this work.   
 
Introduction to Arabidopsis thaliana  
The species A. thaliana, commonly known as the thale-cress or mouse-ear cress is 
native to Western Eurasia (Hoffman 2002).  Today, A. thaliana is found in temperate 
regions throughout the word (Hohmann et al., 2015).  A. thaliana is a member of the 
family Brassicaceae (or mustard family), which is estimated to possess over 3,500 species 
(Hohmann et al., 2015), some of which are known for their significant agricultural and 
economic importance (e.g. species in the genus Brassica (cabbage, collard greens, 
broccoli, etc.), Boechera (rockcress), and Arabis. Although A. thaliana is not considered 
to be directly agronomic or economically important, A. thaliana possesses numerous 
attributes, which make it the perfect candidate for genetic analysis. 
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A. thaliana as a Model Organism 
As early as the 1900s, A. thaliana had been used for genetic analysis of plant 
biology. Friedrich Laibach (1885-1967), a German botanist, realized the advantages of 
using A. thaliana in plant science research and pushed for its adoption as a model 
organism (Provart et al., 2016, Koornneef and Meinke 2010).  Laibach argued that A. 
thaliana possessed many useful characteristics which could be exploited to advance plant 
science research, including its: relatively small genome, physically small size, and; ability 
to produce numerous offspring.  Since then, A. thaliana has been an invaluable tool for 
identifying new genes, understanding their functions, and revealing genetic differences 
between plants and other eukaryotic organisms (Koornneef and Meinke 2010, Laibach 
1943).  
 
Figure 1.9.  The life cycle of 
A. thaliana illustrated and 
photo credit by Krämer 2015, 
Figure 1.  (A) A. 
thaliana accession Columbia 
(Col). Starting seed dehisced 
from dry siliques (bottom left) 
to reproductive growth (45 
days).  Photographs of (B) a 
flower, (C) a pollen grain 
(scanning electron 
micrograph), and (D) mature 
siliques (seed pods; left: 
closed; right: open). 
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A. thaliana has a relatively small genome known to consist of 132 megabase pairs 
(or 1.32 x108 base pairs), spanning 5 chromosomes.  The Arabidopsis Genome Initiative 
project propelled A. thaliana into the spotlight during the 1990’s and A. thaliana ecotype 
Columbia (Col-0), became the first plant to have its genome completely sequenced (AGI, 
2000).  Today, the genome of A. thaliana is known to consist of 132 megabase pairs, 
38,000 loci, and over 20, 000 protein-coding genes spanning 5 chromosomes (Woodward 
and Bartel 2018, AGI 2000).  The most widely used ecotype is Col-0, and there are many 
mutants possessing mutant alleles of precisely known position.  Thus Col-0 is an ideal 
candidate for determining the function of a gene through the reverse genetic approach.  
While A. thaliana’s characteristic of prolific reproductive potential, and ability to 
readily self-pollinate are important, arguably the most important characteristic is its 
ephemerality.  A. thaliana is a winter annual flowering weed.  This species is native to 
Western Eurasia which has a continental climate characterized by the cold winters and 
warm summers (Krämer 2015).  A. thaliana’s life cycle is approximately 6 weeks from 
stratification (a process to stimulate favorable conditions to break dormancy and allow 
seeds to germination) to producing mature fruit (Fig. 1.9).  The short life cycle of A. 
thaliana makes serial and parallel experiments possible to be performed in reasonable 
time (Woodward and Bartel 2018).  
Unfortunately, no model organism is perfect, including A. thaliana.  This model 
organism has some serious research disadvantages, some of which were encountered in 
this thesis.  For instance, although the small size of A. thaliana is useful for genetic 
studies in limited research space, its small size equates to low mass (20 ug/seed) and, 
 
 
 
 	
28 
therefore, low amounts of extractable materials – necessary for verification of the 
biochemistry and cell biology underlying genetic models.  For example, to investigate a 
specific gene’s expression levels, the modest amount (e.g. 1-10 ug) of ribonucleic acid is 
required for downstream applications requires approximately 10-100 mg of seeds (Footitt 
et al., 2018) – equivalent to 10-100 siliques (since there are 50-60 seeds per silique).  
Since each silique – even from the same plant – is unique (varying for example, by 
pollination time, and position on the inflorescence) experimental design is difficult and 
variability is an issue for any study of seed biology. 
Nomenclature  
The names thale cress and mouse-ear cress are considered common names of A. 
thaliana - ironically it is uncommon to use them.  Since A. thaliana is named several 
ways, this section will highlight the basic nomenclature for A. thaliana and how it will be 
used throughout this thesis.  The scientific name A. thaliana is expressed by the genus 
Arabidopsis and “Thal” named in honor of Johannes Thal (1542-1583) a German 
physician who first discovered the species in the Harz Mountain in 1577 (Krӓmer 2015).  
Occasionally, A. thaliana is expressed simply as “Arabidopsis”, however it is important 
to note that there are 11 recognized species within the genus Arabidopsis.  
 
1.5. Our Research Model 
The correlation between LEA gene expression during late maturation, and DT 
provides weak support for a role of LEA proteins in DT during seed development.  A 
more definitive test for their involvement would be a reverse genetic approach to 
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compare the phenotype of WT A. thaliana seeds with T-DNA LEA6 mutants.  In this 
thesis, I examined the phenotype for Group 1 LEA protein 6 mutants by comparing seed 
germination and DT between mutants and WT species.  Because of the gene dosage 
effects, I predicted that mutants may differ from WT in protein level and desiccation 
tolerance only transiently during development - that is, at maturity, these may not differ.  
To accommodate this, I developed precise protocols to distinguish subtle differences in 
the time course of the development of full DT.  I predicted that mutants (lea6) may not 
accumulate WT levels of Group 1 proteins and will consequently differ from WT in DT 
only at critical points in development. 
 
Hypothesis 
If Group 1 LEA protein member LEA6 contributes to the ability of A. thaliana 
seeds to germinate after desiccation, then seeds unable to accumulate WT levels of these 
proteins should show measurable changes in seed physiology after desiccation compared 
with WT seeds.  
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Chapter 2 - Manuscript: The investigation of group 1 late embryogenesis abundant 
proteins role in desiccation tolerance in Arabidopsis thaliana seeds 
 
2.1. Abstract  
Like most seeds, Arabidopsis thaliana seed development is divided into three 
major phases: morphogenesis, storage deposition, and maturation drying.  During 
maturation drying the seed becomes desiccation tolerant (DT) at some point and the seed 
rapidly loses water until its moisture level is approximately 10% on a fresh weight basis.  
The ability of the seeds to withstand this extreme water loss is hypothesized to be due, in 
part, to the accumulation of late embryogenesis abundant (LEA) proteins.  In A. thaliana, 
there are 51 LEA proteins which are divided into seven groups based on amino acid 
sequence similarities.  Group 1 LEA proteins consist of three members (6, 18, and 46), 
which exclusively accumulate during maturation drying.  This paper focuses on LEA6 
and investigates its involvement in DT in A. thaliana seeds. The rate and extent of 
germination of mutant (lacking the LEA6 gene product) and wild type (WT) seeds before 
and after artificial desiccation at varying developmental time-points were scored for 14 
days and the germination results were analyzed using Kaplan-Meier Estimator. Fresh WT 
seeds had a higher final germination and a faster germination rate relative to mutant 
seeds, whether or not the seeds were desiccated.  These results do not support an 
involvement of LEA6 in DT but rather suggest a role in germination.  
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2.2. Introduction 
In all organisms, seed development must be precisely controlled so that the single 
cell resulting from fertilization (the zygote) can give rise to a fully functional 
multicellular organism. Seed longevity and vigor is dependent upon the cellular processes 
that occur during the earliest stages of the plant life cycle.  In A. thaliana, as in most 
species, seed development is divided into three major phases: morphogenesis, storage 
deposition, and maturation drying (Leprince et al., 2017, Angelovici et al., 2010).  After 
fertilization, morphogenesis (which, translated, means “the generation of form”) occurs 
first.  The zygote rapidly divides to form an embryo.  As the seed continues to develop, 
cotyledons form and cells and tissue begin to differentiate (Baud et al., 2008).  
Eventually, the embryo stops growing, and storage proteins accumulate marking the 
storage deposition phase which equips the seed with the nutrients required to develop into 
a healthy seedling after germination is initiated.  Finally, seed maturation takes over to 
prepare the seed to enter quiescent state and at some point, desiccation tolerance (DT) is 
acquired (Baud et al., 2008).  Late in maturation, final drying takes place, and seed 
moisture content equilibrates with the ambient atmosphere, usually to about 10% 
moisture.  At this moisture content, the seed remains quiescent until germination 
(Leprince et al., 2017). 
Remarkably - in theory, an orthodox seed can remain in the quiescent state for 
decades under the proper storage conditions (Wang et al., 2015, Chatelain et al., 2012).  
Thus, the evolution of the acquisition of DT gives species a mechanism to ensure their 
seeds avoid irreversible cellular damage during the extreme water loss and cold 
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temperatures that predominate during the off season in temperate climates (Maia et al., 
2011).  The principal danger to the cell during desiccation is the loss of bulk cytoplasmic 
water because intracellular contents become congested, viscous, and damaging molecular 
interactions may take place (Hoekstra et al., 2001).  It is thought that some biochemical 
components known to accumulate during desiccation (e.g. LEA proteins, heat shock 
proteins and various sugars or sugar alcohols) may prevent these damaging interactions. 
(Hoekstra et al., 2001). 
The assumption that LEA proteins are involved in DT is based on observations of 
LEA gene products accumulating during late maturation and post-abscission, where LEA 
gene expression is at the maximum (Wise and Tunnacliffe 2004, Chatelain et al., 2012, 
Leprince et al., 2017). Although LEA genes are expressed in plant seeds, many are also 
expressed in vegetative tissue, notably under stressful conditions such as dehydration and 
freezing (Battaglia et al., 2008, Hundertmark and Hincha 2008).  Furthermore, LEA 
genes are not specific to A. thaliana. LEA genes have been documented in other 
organisms and the role that LEA proteins have in DT has been researched in other plants 
(Magwanga et al., 2018), bacteria (Battaglia et al., 2008), and invertebrate animals 
(Bremer et al., 2017, Hand et al., 2011). 
Interestingly, LEA proteins are intrinsically disordered (ID) proteins (Hoekstra et 
al., 2001), which are high in charged and polar amino acids.  These properties give LEA 
proteins a high hydrophilicity, meaning they have a great affinity for water (Dyson 2016).  
Nevertheless, the specific molecular functions of LEA proteins remain elusive and many 
hypotheses have been proposed with minimal experimental evidence to support them.  
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Some proposed mechanisms of LEA proteins include ion sequestering, hydration 
buffering, antioxidant effects, stabilization of enzymes, and membrane protection 
(Leprince et al., 2017, Tolleter et al., 2010).  LEA proteins may have multiple functions 
depending on their cellular compartment, which varies (Macherel et al., 2018, 
Hundertmark and Hincha 2008). 
In total, 51 LEA genes have been detected in A. thaliana. These genes are divided 
into 9 groups based on the similarities in their amino acid sequence motifs.  Expression of 
these genes varies with development, abiotic stress treatment and subcellular location 
(Hundertmark and Hincha 2008).  Out of the products of these 51 LEA genes, 36 are 
localized in the cytosol, 10 in vacuoles, ER and chloroplasts, and 5 are localized in the 
mitochondria (Candat et al., 2014, Hundertmark and Hincha 2008). 
Our lab focus is on LEA group 1 which comprises three genes - LEA6, 18, and 46 
- the products of which are localized in the cytosol (Hundertmark and Hincha 2008), and 
accumulate only during late seed maturation (https://bar.utoronto.ca/eplant/) group 1 LEA 
gene transcripts begin accumulating soon after the onset of maturation but reach a 
maximum during late maturation and maturation drying (Carrillo et al., 2010, 
Hundertmark and Hincha 2008). All Group 1 LEA gene transcripts begin accumulating 
soon after the onset of maturation but reach a maximum during late maturation and 
maturation drying.  After germination, Group 1 LEA gene (annotated as LEA4 group) 
transcript levels fall significantly (Carrillo et al., 2010).  In fact, Maia and colleagues 
(2011) tested DT seeds imbibed from 0-24 hr and found LEA6 was slightly upregulated at 
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time 0 and 1 hr, then completely disappeared 2-24 hrs.  This suggests that Group 1 LEA 
proteins are involved in late maturation and the dry seed stage before germination occurs.  
We hypothesize the product of the LEA6 gene aids in acquisition of DT during 
seed maturation.  This hypothesis was tested by isolating seed from homozygous mutant 
lea6 plants at various stages of development to compare their germinability before and 
after desiccation with WT seed.  
 
2.3. Materials and Methods  
 
 
Seed Source, Plant Growth, and Seed Harvest  
T-DNA mutant seed accession SALK_017464C (AT1G32560), and Columbia 
(Col-0) were purchased from the Arabidopsis Biological Resource Center (ABRC). The 
mutant has a Col-0 ecotype background (Alonso et al., 2003) and was listed as being 
confirmed as homozygous. In the SALK_017464C seed line, the insert is within the 
second exon.  
 A. thaliana mutant (lea6) and WT (Col-0) seed was directly sown in Miracle-
GroR soil in 4” square pots, placed in designated flats and covered with aluminum foil. 
Seeds were stratified at 4 ̊C for 4 days in a cold room. Following stratification, the 
aluminum foil was removed, and the plants were transferred to a growth chamber at 22-
24 ̊C under continuous light at an intensity of approximately 46-60 μmol m-2 s-1, 65-75 % 
humidity, and watered as needed. A total of 72 plants of each genotype were planted in 3 
trays (24 plants/tray) which were rotated every two-three days to ensure there were no 
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systematic differences in variable caused by environmental variables within the growth 
chamber. 
 
Verification of the lea6 Mutant Line 
Our T-DNA insertion mutants were obtained from the Arabidopsis Biological 
Resource Center 
(ABRC). We chose 
these mutants 
because they have 
been previously 
verified. However, 
to ensure our seeds 
remained a pure homozygous seed line, all mutant plants underwent homozygous mutant 
verification.  The SALK T-DNA verification primer design tool 
(http://signal.salk.edu/tdnaprimers.2.html) was used to generate appropriate primers 
described in Table 2.1.  For DNA, young rosette leaves were harvested, and DNA was 
extracted according to Edwards et al., 1991. The PCR amplification was performed in 20 
μl reactions consisting of 1 μl of extracted template DNA solution, 0.5 μM of each 
forward and reverse primer, 10 μl Taq 2X MeanGreen Master Mix (Empirical 
bioscience), and 7 μl sterile 18 Ω water using a thermocycler.  The PCR condition was 94 
°C for 2 minutes followed by 25 cycles of 94 °C for 30 seconds, 55 °C for 30 seconds, 
then 72 °C for 1 minute, and a final extension for 10 minutes at 72 °C and subsequent 
Primer Sequence 
lea6/FP 5’-ACGAAGCCATGCATACATTTC-3’ 
lea6/RP 3’-TTTCACTAATGTCTCAATGGCC-5’ 
LB1.3 (T-DNA specific primer) 5’-ATTTTGCCGATTTCGGAAC-3’ 
 
Table 2.1.  Sequences of primers used to confirm T-DNA 
homozygosity seed accession SALK_017464C. 
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rapid cooling to 4 °C prior analysis.  The amplicons were separated by 1X TAE (Tris-
acetate-EDTA) buffered electrophoresis on a 1.8 % agarose gel, stained with ethidium 
bromide (0.5 μg/ml ethidium bromide in water).  The amplicons were run at 155 mV for 
25 minutes. A reference mid-range DNA base ladder (Empirical biosciences) suitable for 
use as a molecular weight standard was used to determine the amplicon size of the PCR 
products.  The results were visualized under UV light and digitized using the Kodak Gel 
Logic 112 Imaging System. A sample and explanation of a typical screening result is 
shown in Figure S3.2. 
 
Floral Tagging 
In A. thaliana, the primary 
stem is called the inflorescence.  On 
the inflorescence, flowers are 
positioned at nodes (Fig. 2.1).  To 
follow seed development from early 
maturation to late maturation, flowers 
at nodes 4 through 9 on the primary 
inflorescence were tagged on the day 
of anthesis.  Siliques were then 
collected at specific time points 
thereafter (12-17 DAA).  Secondary 
inflorescences were removed.  
 
#6
#9
#1
primary 
inflorescence 
flower 
node
secondary  
inflorescence 
position 
one 
Figure 2.1.  Basic illustration of A. thaliana’s 
primary and secondary inflorescence, flower 
nodes and positions. 
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Silique Harvesting, Sterilization and Seed Collection 
Siliques were harvested and immediately processed one at a time within a sterile 
laminar flow hood to avoid desiccation of the fresh seeds during handling.  Each 
collected silique was sterilized before treatment as follows: 500 μl of 20 % (v/v) bleach 
solution was added to each silique in a 1.5 ml microfuge tube for 10 mins and then 
transferred using sterile forceps through a series of sterile water tubes.  After washing, the 
siliques were cut open and transferred into labeled Petri dishes to be treated.  Seeds were 
removed from the siliques using sterile forceps and either desiccated in petri plates or 
tested directly for germination. 
For desiccation treatment, seeds in open petri plates (much less than a monolayer) 
were dried overnight under the flow of air from the laminar flow hood.  Seed moisture 
content was not tested after desiccation but was assumed to be 5-10% based on previous 
work with seeds of similar size.  
For germination, 3 subsamples of fresh or artificially desiccated seeds (n=80-150) 
were placed on 100 mm Petri dishes containing 1X MES solution (pH 5.6) and 8 g/l agar 
and stratified at 4 °C for 4 days before being transferred to the growth chamber. Plates 
will be incubated under the same conditions as plants, and percent germination was 
scored for 14 days.  Seeds were considered germinated when the testa had ruptured and 
the radicle was visible.  DT was defined as the fraction of seeds able to germinate after 
this established fast drying regime out of the total number of germinable seeds. 
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Statistical Analysis  
Data from the three subsamples were pooled to create a sample size of 250-500 
seeds per time point (Figs S2.3-S2.8). To estimate seed germination data with censored 
observations, Kaplan-Meier Estimator, a non-parametric statistical method that 
considered censored data was used (McNair et al., 2013).  The program used was 
RStudio Version 1.2.5001 for Mac OS X.  The packages used were survival (version 
2.44.1) and survminer (version 0.4.6).  
Additionally, to examine the rate of germination and its extent, the speed of 
accumulated germination index ((https://cran.r-
project.org/web/packages/germinationmetrics/vignettes/Introduction.pdf) for pooled data 
was calculated for each developmental time point using Microsoft Excel.  
 
2.4. Results  
Mutant seeds are delayed in acquiring the ability to germinate relative to WT seeds  
To determine if LEA6 contributes to seed desiccation tolerance (DT), the 
germination (up to 14 d) of lea6 mutant and WT seeds were compared before and after 
artificial desiccation using the Kaplan-Meier Estimator and the Timson’s germination 
index. 
Both WT and lea6 seeds had very low germination until 15 DAA.  At 14 DAA, 
neither genotype could germinate in the absence of desiccation (Fig. 2.2, Table 2.2).  
Interestingly prior to that time, lea6 mutant seeds germinated faster and to a greater 
extent than WT seeds (Fig. 2S3 A and B), and this difference was statistically significant 
at 12 DAA (Table 2.2).  
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After 14 DAA, the two genotypes also diverged in their germination.  For WT seeds final 
germination at 15 DAA was greater in WT fresh and artificially desiccated seeds 
compared to mutant seeds 
before and after artificial 
desiccation.  Thereafter, fresh 
WT seeds germinated quickly 
and to a greater extent that 
mutant seeds (Table 2.2). 
Unlike WT seeds, lea6 mutant 
seeds did not acquire the 
ability to germinate 
appreciably until 16 DAA, 
and, even at 17 DAA, their 
ability to germinate was 
significantly reduced relative 
to WT fresh seeds (Fig. 2.2).  
 
Seeds Lacking LEA6 Alleles Show a Complex, but not Adverse, Response to Artificial 
Desiccation Compared to WT 
 
Table 2.2.  Summary of Kaplan-Meier estimator 
analysis. Statistical values were generated using the 
log rank test of seed performance between mutant 
(lea6) and WT (Col-0) seeds.  DAA, days after 
anthesis. 
p > 0.05 (NS); p < 0.01 (**); p < 0.001 (***) 
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Very early in development (12 and 13 DAA), no seeds of either genotype could 
germinate after artificial desiccation (Fig. 2.2).  At 14 DAA, a fraction of the seeds of 
both genotypes were both tolerant of and dependent upon desiccation.  A slightly (but 
statistically significantly) higher fraction of the WT seeds displayed this phenotype 
compared with the lea6 mutants (Table 2.2).  By 15 DAA, this dependency of 
germination on artificial desiccation decreased in the WT but was still present in the lea6 
mutant.  Thereafter, artificial desiccation continued to stimulate germination in the 
mutant (lea6), whereas it did not in the WT (Col-0). It is noteworthy that artificial 
desiccation never caused deleterious effect on germination of the lea6 mutant to a greater 
extent than the WT.  
 
Table 2.3. Summary of Kaplan-Meier estimator analysis of seed performance 
within genotype for developmental time-points 12-17 DAA (days after 
anthesis).  
p > 0.05 (NS); p < 0.01 (**); p < 0.001 (***) 
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2.5. Discussion  
Seed development can be divided into three major phases: morphogenesis, storage 
deposition, and maturation drying (Baud et al., 2002).  During maturation drying, final 
drying takes place, and seed moisture content equilibrates with the ambient atmosphere.  
Orthodox seeds have the remarkable capability to dry without dying to moisture levels 
less than 10% moisture on a dry-weight basis (Bewley et al., 2013).  This characteristic 
allows seeds to remain quiescent until favorable conditions are present, ensuring species 
survival.  The principal danger to the cell during the transition from storage deposition to 
 
Figure 2.2.  lea6 and Col-0 seed artificially desiccated (AD) and fresh seed germination assays 
evaluated for 14 days for developmental time points 12 through 17 days after anthesis (DAA). Created 
using speed of accumulated germination (Sa) germination index using Microsoft Excel with pooled 
data. 
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maturation drying is the loss of bulk cytoplasmic water.  This causes intracellular 
contents to become congested in turn causing damaging and irreversible molecular 
interactions.  The paradigm is that biochemicals, such as LEA proteins, that accumulate 
during desiccation may prevent these damaging interactions (Bewley et al, 2013, 
Hundertmark and Hincha 2008).  
Evidence that LEA proteins accumulate to high levels late in maturation has led to 
the assumption that they are involved in DT.  Likewise, the fact that LEA proteins are 
intrinsically disordered and have a great affinity for water supports the assumption that 
they are involved in interactions with water.  However, the specific molecular functions 
of LEA proteins remain stubbornly unclear.  
Out of the 51 LEA genes in A. thaliana, or lab is interested in LEA group 1 which 
comprises three genes - LEA6, 18, and 46 - the products of which are localized in the 
cytosol and accumulate only during late seed maturation. Evidence shows that group 1 
LEA gene transcripts begin accumulating soon after the onset of maturation but reach a 
maximum during late maturation drying (Hundertmark and Hincha 2008).  After 
germination these transcript levels fall significantly.  This suggests that Group 1 LEA 
proteins are involved in late maturation and the dry seed stage before germination occurs 
(Maia et al., 2011). 
There has been limited research into the role of Group 1 LEA proteins and a 
majority of the work is done in vitro.  For instance, Cuevas-Velazquez et al., 2016 
predicted using in silico analysis that the N-terminal region of Group 1 LEA proteins 
(~78 amino acid residues) could take on a a-helical structure.  Furthermore, in vitro 
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analysis showed that Group 1 LEA proteins are disordered in aqueous solution and 
transition to an ordered structure under water deficient environments.  
Furthermore and building upon the work done by Cuevas-Velazquez and 
colleagues, work published by Pacheco et al., 2018 reported that LEA46 could bind to 
Zn(II), Cu(II), and Ni(II), but not Ca(II), Mn(II), and Fe(III).  These results may indicate 
that it is possible that LEA46 may have a metal binding function and that metal binding 
does not induce a change in LEA46 secondary structure in vitro.  Based on my literature 
research, my hypothesis was that the product of the LEA6 gene aids in acquisition of DT 
during seed maturation.  Based on this hypothesis, I predicted that developing mutant 
lea6 (lacking LEA6 alleles) and WT seeds would differ in their response to drying.  In 
this work I tested this hypothesis by removing seeds at various stages of development to 
examine their germinability before and after artificial desiccation.  
In seeds younger than 14 DAA, germination rate and final germination was 
extremely low, yet there was a small, but statistically significantly higher germination in 
the non-desiccated mutant over the WT.  This finding, if it can be verified, to my 
knowledge, is novel.  However, it comports with a model whereby the LEA6 protein, in 
its newly synthesized state, is inhibitory to germination (Fig. 2.3).  There was no 
difference in the germination of the two genotypes after artificial desiccation, signifying 
that the LEA6 protein was not, by itself, able to confer tolerance at this early stage of 
development.   
At 14 DAA, I found that the fraction of seeds that germinated after artificial 
desiccation increased in both WT and mutant seeds, but to a greater extent in WT seeds.  
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The difference in germination between WT and lea6 is not due to more damage caused 
by desiccation in the mutant; it is a result of less stimulation of germination due to 
desiccation since I saw WT seeds germinated to a greater extent and rate when artificially 
desiccated compared to mutant seeds. This pattern whereby seeds of both the lea6 
mutants (annotated as At1g32560-LEA1) and WT seeds at 14 days after anthesis (DAA) 
showed a greater rate and extent of germination after desiccation has been previously 
reported (Francis et al., 2017).  
At 15 DAA, germination of the mutant in the absence of desiccation remains low, 
while that of WT has increased.  Furthermore, artificial desiccation continues to enhance 
germination in both genotypes, but unlike in seeds of 14 DAA, the effect is greater in the 
mutant.  This developmental time point represents a critical junction in A. thaliana seed 
development.  As the seed matures water gradually declines throughout the storage 
deposition phase and then moisture content declines more rapidly as the seed enters the 
maturation drying phase (estimated to be at 15 DAA).  Therefore, I believe the increase 
in germination of the non-desiccated WT seeds may be due to some amount of natural 
desiccation in situ and this desiccation is insufficient to enhance the germination of the 
lea6 mutant to the same extent.  
In this work, the majority of mutant and WT (Col-0) seeds become desiccation 
tolerant between 15 and 16 DAA.  The fact that the fraction of WT seeds that could 
germinate well after artificial desiccation exceeded the same value in the mutant seeds 
simplistically suggests that the lea6 gene product does indeed enhance tolerance to 
desiccation.  It is only by comparing this fraction with the fraction that germinates before 
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desiccation that one sees that the germination of the mutant seeds is unequivocally being 
stimulated by desiccation, not harmed. In fact, the germination of the mutant seeds lagged 
behind that of WT seeds from 15 DAA to maturity, whether or not they were desiccated. 
This effect (though with less granularity) was also noted by Francis et al., 2017, but not 
remarked upon.    
Overall, I did not find a relationship between mutants lacking LEA6 alleles and 
DT which leads me to conclude that under the conditions described in this paper, LEA6 
proteins do not influence DT.  If they did, the germinability of the mutant seeds would be 
decreased by desiccation to a greater extent than that of WT seeds.  Instead, the mutant 
seeds were delayed in germination relative to WT seeds whether or not the seeds were 
artificially desiccated.  This leads me to conclude that it is possible that LEA6 is involved 
in germination in some way.  
 
Proposed Model 
LEA proteins are considered intrinsically disordered proteins that have a high 
affinity for water and unusually high proportion of small and positively charged residues 
(Hundertmark and Hincha 2008).  Generally, intrinsically disordered proteins lack a 
stable three-dimensional structure in aqueous solution and upon drying, some LEA 
proteins have been shown adopt an ⍺-helical structure in vitro (Bremer et al., 2017).  As 
seed development progresses (during storage deposition), water is gradually replaced by 
insoluble storage reserves (e.g. starch, proteins, and oil).  Subsequently, maturation 
drying takes over which is characterized by rapid dehydration.  As seed hydration 
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declines, intercellular macromolecular crowding occurs (Bewley et al., 2013). In 
response to these conditions, LEA proteins accumulate gradually through the storage 
deposition stage and then abundantly during maturation drying.  
Based on the results of this study, a possible role of LEA6 may be that this protein 
inhibits germination. If the amount of LEA6 proteins are low and/or hydration levels are 
high, then germination is inhibited. For instance, at 12DAA fresh mutant seeds 
germinated better than fresh WT seeds. Conversely, when hydration levels in the seed are 
decreasing and/or LEA6 protein levels increase, intermolecular crowding causes the LEA 
protein to take on a more stable structure, such as an α-helix. In this work an example of 
this can be seen in WT fresh 15, 16, and 17DAA. (Fig. 2.1). This alternative structure 
 
Figure 2.2.  Proposed model a possible role for group 1 LEA protein 6 in germination.  LEA6 in 
the presence of abundant water is in the intrinsically disordered state.  LEA6 assumes a three-
dimensional form only when intracellular macromolecular crowding occurs. In the structured 
LEA6 may be broken down to allow germination to initiate.  
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could be degraded thus possibly enhancing germination. However, I could not find 
support for this in my literature review. 
 
Weaknesses and Strengths 
Our lab focuses on group 1 LEA proteins.  Concentrating on groups individually 
may give more insight to their molecular function, opposed to investigating genes from 
various groups.  More importantly, investigating a group with few genes increases the 
chances of seeing a phenotype in a mutant lacking allele for lea6 and it won't be masked 
by the other members' alleles.  On the other hand, LEA6 and 8 are homologous and it is 
possible that a gene dosage effect is compensating for the lack of LEA6 mRNA levels and 
influencing DT.  This could explain why there was not a deleterious effect of desiccation 
on the mutant seeds in this work. Also, in the work of Hundertmark and Hincha 2008, 
they show that LEA6 is not highly expressed in ecotype Col-0 seeds.  Overall, the results 
of this experiment depend on the assumption that the gene is expressed in the WT and not 
in the mutant.  This study also underscores the need to measure the LEA6 transcript in 
WT Col-0 seeds in my study in order to confirm that the difference I’m seeing between 
mutant and WT is, in fact, due to the expression of this gene.  This should be done using 
RT qPCR, and was on my schedule for late Winter, 2020, until the laboratories were 
closed. 
In this work, mutant lines with an ecotype Columbia-0 (Col-0) were compared to 
WT (Col-0).  Several A. thaliana seed ecotypes exist and are used widely.  It is important 
to realize that ecotypes differ in morphology and physiology.  In work done by 
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Hundertmark et al., 2008, the expression of LEA transcripts was investigated in the 
mature seeds of six A. thaliana ecotypes (Rsch, Col-0, Col-2, Ler, C24, and Nd).  They 
found that there were variations in the LEA transcripts of LEA6 and 20 in all ecotypes.  
This is interesting because A. thaliana ecotypes inhabit a variety of geographical 
locations where their tolerance to their climate is unique. Knowing this, it would be 
beneficial to further investigate LEA6 between different ecotypes to examine any 
evolutionary differences between them to further probe any role that LEA6 might play in 
DT or germination.  
A useful method for characterizing A. thaliana seed growth and development is 
by measuring seed moisture content (Baud et al., 2002).  For this work, I planned to 
establish a function of LEA6 through measuring seed moisture content through seed 
development and compare seed moisture content between mutant and WT seeds.  
However, this work was not accomplished due to the Covid-19 pandemic. 
I believe my work also has strengths that has enabled me to unequivocally see 
differences in germination between mutant and WT.  The first is that I was able to make 
germination observations for 14 days compared to 5 days.  With longer days of 
germination observations, not only was I able to investigate the immediate effects of 
desiccation, I was also able to see the influence of LEA6 genes on seed germination rates.  
So, longer observation times resulted in collecting valuable data that would otherwise be 
missed with shorter observation days.   
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The second strength is that I sampled the seeds every day whereas others sampled 
their seeds at intervals of several days (e.g. Francis et al., 2017).   This allowed me to 
pinpoint changes in physiology with greater accuracy and thus confidence. 
The third strength is that I took great care to match the seeds from desiccated and 
not desiccated seeds.  I split all of the siliques so that half of the seeds from each silique 
went to the “fresh” treatment, and the other half were desiccated.  This eliminated the 
possibility that a treatment effect could have arisen as an artifact of a difference between 
siliques in these rapidly developing seeds.  
The fourth strength is that I dried my seeds very rapidly.  Typically, in artificial 
desiccation methods of seeds it is ignored that low water potential in tissues capable of 
surviving drying is an inductive cue to adapt at the cellular and biochemical level.  Thus, 
orthodox seeds adapt to drying even as it is occurring.  Furthermore, the damage that 
occurs at different moisture contents may be very different. For example, above 50% 
moisture, where free water exists, damage may result from deleterious interactions 
between cellular components, whereas at lower moisture contents, oxidative reactions 
predominate.  Therefore, my seeds were dried very rapidly, to avoid any adaptive 
response on the part of the seed (e.g. by protein or sugar synthesis).  I would have liked to 
measure the rate of drying, but other seeds of this size dry with these methods within 1 
day (unpublished data). 
The fifth strength is that I raised my WT seeds side-by-side with my mutant seeds 
so that there was no possibility that any differences in seed physiology I observed were 
due to environment rather than genotype.  The growth chamber environment, coupled 
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with periodic shuffling of the trays within it, ensured that the two genotypes could not 
have encountered a consistently different environment, as they might in a greenhouse 
environment or if I had raised the mutant seeds at a different time than the WT seeds. 
Finally, opposed to outdated methods to analyze seed germination data, I chose to 
incorporate McNair et al., 2013 strategy for analyzing germination by utilized survival 
analysis accompanied by the speed of accumulated germination index. Germination 
indices alone are a simple solution for seed germination analysis. However, important 
temporal patterns of germination are usually ignored such as duration of the delay of 
onset germination and the speed of germination following onset germination. The 
Kaplan-Meier Estimator (a method originally developed for survival analysis) provides 
information on temporal patterns of germination but also allows for censored 
observations to be included such as seeds that did not germinate. For unknown reasons, 
seeds may not germinate during the experiment and there is no way to know for certain if 
those seeds would have germinated. Time-to-event analysis incorporates censored data 
and recognizes those assumptions where classical statistical methods would not. It is now 
recognized as being the optimal method for statistically analyzing seed germination 
studies (McNair et al., 2013). 
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2.7. Supplementary Data 
 
 
 
Figure 2S.1.  A close-up view of a single gene, AT1G32560 with its associated insertion 
line.  The T-DNA insert position is from the T-DNA Express genome browser “Gene 
view”.  The numbers above the vertical black bars indicate chromosome base pair 
position. FP, forward primer. RP, reverse primer. FST, flanking sequencing tag. BP, 
border primer (LBp1.3).  
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Figure 3S.2. T-DNA mutant 
verification. PCR products from 
DNA samples were extracted 
using the One-Step DNA 
Extraction (Edwards et al., 
1991) method using tissue from 
young lea6 and Col-0 rosette 
leaves. PCR reactions were 
separated by 1X TAE on a 1.8 % 
agarose gel, run at 155 mV for 
25 minutes,  stained with 
ethidium bromide (0.5 g/ml 
ethidium bromide in water), 
visualized under UV light and 
digitized using the Kodak Gel 
Logic 112 Imaging System.  WT 
DNA template yielded no product 
with the L6-FP+LBp1.3 primer 
set (data not shown). The table 
explains what is in each lane, the 
expected and observed amplicon 
sizes and the genotype that can be 
deduced for each sample.  
Footnotes: 1. Because of the T-
DNA insert, the expected 
amplicon size is too large to yield an amplicon when mutant DNA is used as template 
with the L6 Forward and reverse primers (located in the A. thaliana genome upstream 
and downstream of the insert).2. Since the reverse primer (LBp1.3) is within the T-DNA 
region, only DNA samples containing an insert (ie the lea6 allele) can yield an amplicon. 
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Figure 2S.3. Kaplan-Meier plots of mutant (lea6-) and WT (Col-0) fresh (A & C) and 
artificially desiccated (B & D) 12 DAA (A & B) and 13DAA (C & D). DAA, days after 
anthesis. 
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Figure 2S.4. Kaplan-Meier plots of mutant (lea6-) and WT (Col-0) fresh (E & G) and 
artificially desiccated (F & H) 14 DAA (E & F) and 15DAA (G & H). DAA, days after 
anthesis. 
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Figure 2S.5. Kaplan-Meier plots of mutant (lea6-) and WT (Col-0) fresh (I & K) and 
artificially desiccated (J & L) 16 DAA (I & J) and 17DAA (K & L). DAA, days after 
anthesis. 
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Figure 2S.6. Kaplan-Meier plots of mutant (lea6-; M & N) wild type (Col-0; O & P) 
fresh and artificially desiccated (AD) at 12DAA (M & O) and 13DAA (N and P). DAA, 
days after anthesis. 
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Figure 2S.7. Kaplan-Meier plots of mutant (lea6-; Q & R) wild type (Col-0; S & T) fresh 
and artificially desiccated (AD) at 14DAA (Q & S) and 15DAA (R and T). DAA, days 
after anthesis. 
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Figure 2S.8. Kaplan-Meier plots of mutant (lea6-; U & V) wild type (Col-0; W & X) 
fresh and artificially desiccated (AD) at 12DAA (U & W) and 13DAA (V and X). DAA, 
days after anthesis. 
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Chapter 3. Extended Methodology 
 
Defining Desiccation Tolerance 
DT was examined by comparing DT of mutant and WT seeds at different 
developmental time points.  A critical question whose centrality has been overlooked in 
the research literature is how DT is defined.  Typically, seeds are removed from the 
mother plant and dried at some rate (rarely, if ever measured) to low water content (also 
rarely measured).  This practice ignores the fact that a low water potential in tissues 
capable of adaptation to drying is not only lethal stress, but also (at supra-lethal water 
contents) hypothesized to be an inductive cue so seeds may adapt at the cellular and 
biochemical level to drying even as it is occurring.   
Furthermore, the damage that occurs at different moisture contents may be very 
different. For example, above 50% moisture, where free water exists, damage may result 
from deleterious interactions between cellular components, whereas at lower moisture 
contents, oxidative reactions predominate.  Therefore, it is essential that: my seeds were 
dried very rapidly, to avoid any adaptive response on the part of the seed; my seeds dried 
at a consistent rate and; my seeds dried to a consistent moisture content (MC).  Overall, I 
established a drying regime whereby the seeds attain a target MC of 5-10% within 24 
hours, and 50% MC (the MC below which protein synthesis cannot occur) by 2 hours.  
After desiccation treatments, seeds were germinated for 14 days and scored for 
germinability.  Seeds were considered germinated when the testa has ruptured and the 
 
 
 
 	
65 
radicle is visible.  DT was defined as the fraction of seeds able to germinate after this 
established fast drying regime out of the total number of germinable seeds.  
 
Growth Parameters of Developing A. thaliana Seed 
An essential 
component of this thesis 
project was to compare the 
seed developmental trajectory 
of mutants lacking LEA6 
genes compared with WT with 
respect to DT.  Harvesting and 
testing seeds daily after 
flowering for 20-21 days after 
anthesis (DAA) is prohibitive.  
On the other hand, I did not 
wish to lose the granularity of 
daily sampling by sampling 
every few days, since rapid 
changes occurring in the hours 
or days after the onset of 
maturation drying would be 
lost (Fig. 3.1).  Therefore, 
 
Figure 3.1.  Predicted seed development moisture, 
relative LEA protein expression, and percent desiccation 
for A. thaliana.  This figure is based on the information 
provided in the literature from Baud et al., 2002, Olvera-
Carrillo et al., 2010, and Maia et al., 2011.  Gray line, 
moisture. Red line, relative LEA protein level.  Black line, 
percent desiccation tolerance.  As the seed develops 
through seed storage deposition, moisture gradually 
declines while desiccation tolerance and LEA proteins 
gradually accumulate.  When transition from storage 
deposition to maturation drying, moisture rapidly declines 
below 10%, LEA proteins accumulate abundantly, and 
percent desiccation tolerance improves.  
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foundational to this investigation is accurate prediction of the DAA at which seeds should 
be sampled under our growth conditions to maximize the opportunity to capture 
differences between mutant and WT in these changes.  
Baud et al. (2002) concluded that WT (ecotype Wassilewskija) seed development 
from plants growing at 20˚C/15˚C day night temperatures under a 16:8 h photoperiod is 
complete approximately 20 days after flowering (DAF).  Additionally, water content 
(WC) declined steadily between 7 and 15 DAF, followed by a sharp decrease between 16 
and 20 DAF.  This suggests that maturation drying starts between 15 and 16 DAF under 
their growth conditions.  
Using the same T-DNA mutants I propose to use, Francis et al., 2017 studied patterns of 
DT in developing seeds 11 and 21 DAF.  They found the percent of seeds collected from 
plants grown at 18-22 ˚C and a 14:8 photoperiod that were DT was 30, 50 and 85% at 11, 
14, and 16 DAF respectively.  This study supports the conclusion that maturation drying 
(and hence DT) occurs between 14 and 16 DAF.  I believe the low level of tolerance seen 
at 11 DAF is due to a slow rate of drying which was neither measured nor controlled in 
their work.  Taken together, this information leads to the decision that between 13 and 17 
DAF would be the most useful time window to examine in this thesis project. 
 
Determining Anthesis in Mutant and WT Flowers  
A critical component of this thesis project is accurately tagging flowers at anthesis 
under our growing conditions.  LEA6 mutants did not show a visual difference compared 
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to WT flower and seed morphology. So, I performed preliminary work to determine day 
of anthesis (DAA) 
(Fig. 1.9). 
Importantly, it is 
common in the 
literature days 
after flower (DAF, 
flower opening) 
and days after pollination (DAP, days are counted after pollination occurs).  DAA 
worked best for my experimental design.  Flowers were removed from WT (Col-0) and 
mutant (lea6) plants and observed using light microscopy.  Using fine point tweezers, the 
petals and sepals were removed, revealing the anthers and stigma of the flower.  Using 
the description of floral stages described in Roeder et al., 2006, anthesis was identified 
for Col-0 and mutant lea6.  At stage 12, the petals reach the length of the stamens.  Stage 
13 the flower opens and self-pollinates. Stage 14, the anthers extend above the top of the 
stigma.  Stage 15, the gynoecium the stigma extends above the top of the anthers (Roeder 
et al., 2006).  
 
Statistical Method for Analysis of Collected Germination Data  
The strategy I chose for analyzing germination was survival analysis accompanied 
by the speed of accumulated germination which is similar to the speed of accumulated 
germination index. Germination indices alone are a simple solution for seed germination 
 
Figure 1.9.  Stages of mutant (lea6) and WT (Col-0) A. thaliana 
flowers.  Images were taking using light microscopy.  The white 
bar indicates 1 mm.  The flora stages in the work by Roeder et 
al., 2006 was the standard for floral stages in this thesis.  
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analysis. However, important temporal patterns of germination are usually ignored such 
as duration of the delay of onset germination and the speed of germination following 
onset germination. The Kaplan-Meier Estimator (a method originally developed for 
survival analysis) provides information on temporal patterns of germination but also 
allows for censored observations to be included such as seeds that did not germinate. For 
unknown reasons, seeds may not germinate during the experiment and there is no way to 
know for certain if those seeds would have germinated. Time-to-event analysis 
incorporates censored data and recognizes those assumptions where classical statistical 
methods would not. It is now recognized as being the optimal method for statistically 
analyzing seed germination studies (McNair et al., 2013).  
 
I. Kaplan-Meier Estimator 
The Kaplan-Meier Estimator is a non-parametric time-to-event statistical method 
used to estimate the probability of time to death or, in this case, time to seed germination. 
The advantage to using the Kaplan-Meier Estimator according to McNair et al., 2013 is 
that it is useful to characterize temporal patterns of germination (e.g. delay in onset 
germination, percent, speed of seeds germinated, and change in pattern of germination) 
within and between different groups. Importantly, the Kaplan-Meier Estimator considers 
censored observations (i.e. seeds that did not germinate). For unknown reasons, seeds 
may not germinate during the experiment and there is no way to know for certain if those 
seeds would have germinated. Time-to-event analysis incorporates censored data and 
recognizes those assumptions where classical statistical methods would not. In this work, 
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I used the Kaplan-Meier Estimator as a tool to estimate the probability of time to 
germination using exact data produced by continuous monitoring.  
The log-rank test, a statistical hypothesis test, was used to compare survival 
curves. Similar to the chi-square test where p > 0.05 is statistically significant, when 
comparing two survival curves p > 0.05 means that the survival curves are statistically 
different in terms of survival.  
 
II. Speed of Accumulated Germination (Sa) 
One effective tool used to evaluate germination data is using speed of 
accumulated germination or Sa.  This index reveals germination velocity which provides 
important information about the favorability of germination under the conditions 
provided.  Commonly in the literature only final percent germination is provided in 
analysis which only provides information on the extent of germination and does not take 
into consideration how long it takes for that percent to be reached.  With that said, Sa 
provides a simple and useful tool to investigate both the extent and rate of germination.  
Speed of accumulated germination index data: 
 
𝑆!""#$#%!&'( =&∑ 𝑁)*)+,	𝑇*.*+,  
 
In this model the rate of germination is in the terms of accumulated divided by total 
number of seeds that germinated in a time interval.  Ti is the time from the start of the 
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experiment to the ith interval,  ∑ 𝑁)*)/,  is the cumulative number of seeds that germinated 
in the ith interval.  k, is the total number of time intervals (https://cran.r-
project.org/web/packages/germinationmetrics/vignettes/Introduction.pdf).  The speed of 
accumulated germination is similar to the Timson’s germination index in that they both 
estimate the area under the Kaplan-Meier estimator.  
  
  
 
 
 
